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This study investigates the effects of micropalm oil fuel ash (mPOFA) on compressive strength and pore structure of cement 
mortar. Various experimental techniques, such as compression test, isothermal calorimetry, mercury intrusion porosimetry, and 
X-ray diffraction, are performed to figure out the effect of using mPOFA as partial replacement of cement on the hydration of 
cement and determine its optimal replacement level to increase mechanical property of the mortar specimens. 10 wt.% of cement 
replacement with mPOFA is found to give the highest level of compressive strength, achieving a 23% increase over the control 
specimens after 3 days of curing. High K2O contents in mPOFA stimulate C3S in cement to form C-S-H at early ages, and high 
surface area of mPOFA acts as a nucleus to develop C-S-H. Also, small mPOFA particles and C-S-H formed by pozzolanic reaction 
fill the pores and lead to reduction in large capillary pores. In XRD analysis, a decrease in Ca(OH)2 and SiO2 contents with age 
confirmed a high pozzolanic reactivity of mPOFA.
1. Introduction
The production o f cem ent consumes an enorm ous amount 
o f raw materials and energy [1]. 3 .2 -6 .3  GJ o f energy and 
1.7 tons o f raw materials are consumed for every ton of 
clinker, resulting in the emission o f approx. 850 kg o f C O 2 
[2 , 3 ]. As a result, cem ent production currently accounts 
for about 7% of global C O 2 emissions [4 ], and this rate is 
expected to be increased, which demands to lim it the 
production of cem ent clinker. This leads many scientific 
studies to be conducted for the development o f alternative 
construction materials [5, 6 ] by utilizing industrial residues 
or agricultural residues [7 ]. Industrial residues, such as 
silica fume and fly ash, are widely used as supplementary 
cem entitious materials (SCM s) due to their high pozzolanic 
reactivities [8 - 11]. There are also continuous efforts to 
develop agriculturally sourced pozzolanic materials, such
as rice husk ash (RHA) [12, 13], bam boo leaf ash (BLA) 
[14], corn cob ash (CCA) [15, 16] and palm oil fuel ash 
(PO FA) [6 , 17- 2 0 ].
As shown in Figure 1, POFA is generated by the com ­
bustion of agricultural residues, such as palm fibers and 
palm kernel shells in biomass thermal power plants [21]. 
Following the combustion, around 5% of the total solid is 
turned into POFA, which consists mainly o f silica and 
alumina [22 ]. However, most of POFA is dumped as waste, 
which leads to soil contamination and other associated 
environmental problems [23 ]. Furthermore, the use of 
POFA is limited in cement and concrete industries because 
the surface area available for a reaction is too small when it is 
incorporated into cement-based composite materials. There 
are few studies [24 , 25 ] that investigated how to increase the 
fineness of POFA, but the increased volume of plasticizer for 
the large amount of unburned carbon raises a problem [2 6 ].
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F i g u r e  1: Production of palm oil fuel ash (POFA).
Further improvement o f the fineness through an additional 
grinding process can solve the issue, after which the un­
burned carbon can be removed by drying the POFA in an 
oven at 500°C [25 , 27 ].
Recent studies about POFA mostly focus on the effects of 
POFA on the durability and general properties o f cement- 
based composite materials, such as the compressive strength 
o f m ortar and concrete [28 , 2 9 ], the expansion rate [30], the 
heat o f hydration [31- 33], and the resistance to sulfate attack 
[34]. However, there is still lack o f studies about the hy­
dration properties and reactivity o f very fine, m icro-PO FA 
(m POFA) in a cement matrix. This study examines the 
hydration properties and reactivity o f m POFA in a cement 
matrix to determine the optimal replacement rate.
2. Experimental Program
2.1. M aterials
T a b l e  1: Physical properties and chemical composition of cement 
and mPOFA.
Chemical composition Cement (%) mPOFA (%)
SiO2 19.47 70.9
Al2O3 5.24 5.63
Fe2O3 2.69 3.51
CaO 61.8 3.78
MgO 3.72 3.61
OS 2.49 —
Na2O 0.18 0.39
K2O 0.87 5.66
LOI* 2.6 10.1
Physical properties
Specific gravity (kg/m3) 3.15 2.3
Specific surface area (cm2/g) 3578 6091
*LOI = loss on ignition.
2.1.1. C em ent. Type I Ordinary Portland cement (O PC) was 
used in this study, which is defined by KS L 5201 [35]. Its 
physical properties and chemical composition are summa­
rized in Table 1.
2.1.2. M icropalm  Oil Fuel A sh (mPOFA). POFA was pro­
duced by the combustion o f palm oil kernel shells and palm 
oil fibers at a palm oil mill, which is located in Johor, 
Malaysia. This POFA powder was dried in an oven at 110 ± 
5°C for 24 h and then passed through a 300 ^m  sieve to 
remove coarse particles. The under-sized powder was further 
ground until 90% passed through a 45 ^m  sieve according to 
ASTM  C618 [36]. This finely ground POFA is hereafter 
referred to as mPOFA. Its physical properties and chemical 
composition are shown in Table 1.
Figure 2 is an SEM image o f m POFA particles. It shows 
that m POFA particles have sharp angles and irregular shapes 
as a result o f being reduced in size by ball milling. There are 
also pores on the surface o f m POFA particles, which formed 
during the additional grinding [37].
F i g u r e  2: SEM image of mPOFA.
The X RD  result o f the m POFA is presented in Figure 3 . It 
confirms that m POFA is a Si-rich material with main 
crystalline phases a-quartz and cristobalite. This X RD  pat­
tern corresponds to the X RD  results in the literature 
[1, 8, 26 ], which reported that POFA has about 70% 
amorphous content through semiquantitative and quanti­
tative X RD  analysis using the Rietveld method [27 , 28 ].
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F i g u r e  3: XRD pattern of mPOFA.
Thus, the m POFA used in this study is expected to contain 
a similar amount o f amorphous content.
2.1.3. F ine Aggregates. Siliceous sand was used as fine ag­
gregates. Its physical properties are shown in Table 2.
2.2. M ix Proportions. Table 3 shows the m ix proportion of 
m ortar samples, which were prepared according to KS L ISO 
679 [38]. Each sample was prepared by replacing 0, 10, 20, 
30, or 40 wt.% o f cement with m POFA at a water-to-binder 
(cement +  m POFA) ratio o f 50%. After casting, each m ortar 
sample was cured at 20°C for 24 h prior to demolding. The 
samples were then cured in water at 20 ±  1°C until reaching 
the age for each test. A separate set o f samples without sand, 
cement paste, was prepared under the same conditions for 
X-ray diffraction (XRD ) and scanning electron microscopy 
(SEM).
2.3. Test M ethods
2.3.1. Com pressive Strength. The compressive strength was 
measured on prismatic m ortar specimens with 40 mm x 
40 mm x 160 mm in accordance with KS L ISO 679 using the 
universal testing machine (U TM ) after 3, 7, 14, and 28 days 
o f curing. Testing was carried out on six specimens at each 
age, and the average value was reported.
2.3.2. H eat o f  H ydration. The heat o f hydration was m on­
itored for 72 h according to ASTM  C1702 [39] (external 
mixing), using an isothermal conduction calorimeter 
(M M C-511SV, Tokyo Rico., LTD.). The samples were ex­
ternally mixed before inserting them in the respective 
channels. It is noted that the data for the first 45 m in were 
not considered for analysis to avoid the heat associated with 
mixing and lacing the externally prepared samples and to 
allow them to stabilize with the set temperature o f 22°C.
(
Q
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2.3.3. P ore Structure. Small pieces (approx. 2 g in total) o f 
m ortar samples were soaked in acetone for 24 hours in 
a vacuum desiccator to stop hydration after 3 and 28 days o f 
curing and then dried in an oven at 60°C for 24 h to remove 
any water. The pore structure o f each sample was then 
examined using M IP (Autopore IV 9520) with maximum 
applied pressure o f mercury, 400 MPa.
2.3.4. Analysis o f  H ydration  Products. The crystal phases 
present in cement paste samples cured for 3 and 28 days 
were analyzed using XRD  with a 26  range between 10° and 
70° at a scan rate o f 5°/min.
3. Results and Discussion
3.1. Com pressive Strength o f  C em ent M ortars C ontain ing  
mPOFA. Figure 4 shows the results o f the compressive 
strength o f m ortar specimens at varying curing times and 
m POFA contents. The specimens with an incorporation o f 
10% m POFA by weight (PO FA10) consistently produce the 
highest compressive strength, with a 33% increase over the 
control at 28 days o f curing. The compressive strength o f 
POFA20 was also consistently higher than the control 
specimen at all ages; however, there was a decrease in 
compressive strength if  the replacement rate o f m POFA was 
increased any further.
The results show that the optimal replacement rate o f 
m POFA is 10% by weight, and the maximum replacement 
rate o f m PO FA is 20% by weight. W hen m POFA is replaced 
with cement at certain levels, the small m POFA particles fill 
the pores between cement particles, thereby affecting the 
development o f compressive strength [28, 34]. It is thought 
that the small particle size, silica content, and amorphous 
nature o f m POFA enabled it to act as nuclei in the cement 
matrix, which in turn stimulates the formation o f C-S-H  gel 
[19]. m PO FA is also a pozzolanic material, so Ca(O H )2 that 
is formed by the cement hydration undergoes a pozzolanic 
reaction with the silica in m POFA to produce secondary 
C-S-H  [1, 27 , 2 8 ]. However, the strength development 
worsened steadily at higher levels o f mPOFA. By the re­
placement o f cement with 40%  o f mPOFA, compressive 
strength at 28 days decreases by 77% in comparison with the 
control. Less cement content in specimens with higher levels 
o f m POFA could result in the reduction in compressive 
strength.
3.2. H eat o f  H ydration. Figure 5 shows the heat evolution 
rate o f samples measured for 72 h after the initial mixing. 
W hen cement particles contact with water, it begins to 
generate heat (Stage 1); furthermore, it passes through 
a dormant period (Stage 2). After a few hours, C3S begins to 
react actively and the heat evolution rate reaches a peak, 
referred to as second peak, at the end o f the acceleration 
period (Stage 3) [4 0 ].
The heat evolution o f POFA10 was the highest in Stage 3, 
with the peak starting earlier than with the control. This 
is thought to be caused by the alkali ions o f mPOFA (K+ and 
Na+) promoting hydrolysis by stimulating C3S and forming
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T a b l e  2: Physical properties of fine aggregates.
Maximum size Surface dry density Absolute volume Fineness modulus Absorption rate Specific weight
(mm)____________________ (g/cm3)_________________ (%)__________________ (F.M)__________________ (%)_______________ (kg/m3)
5.0 2.6 61.2 2.87 1.02 1,590
T a b l e  3: Mix proportion of control mortar and mortar specimens containing mPOFA.
Sample W/B (%) Replacement ratio (%) Cement (g) POFA (g) Sand (g) Water (g)
Control 50 0 450 — 1350 225
POFA10* 50 10 405 45 1350 225
POFA20 50 20 360 90 1350 225
POFA30 50 30 315 135 1350 225
POFA40 50 40 270 180 1350 225
*POFA10 =  replacement ratio o f cement with mPOFA is 10%.
Age (days)
------  Control POFA20
POFAIO POFA40
POFA30
F i g u r e  4: Compressive strength of mortars containing mPOFA.
0 10 20 30 40 50 60 70 80
Time (hours)
------ Control ------  POFA20
------ POFA10 ------  POFA40
POFA30
F i g u r e  5: Heat evolution rate of mortars containing mPOFA.
C-S-H during the initial period [41, 4 2 ]. In addition, an in­
crease in the mPOFA replacement rate decreased the size of 
the peak in Stage 3 and delayed the time o f its occurrence [31].
Figure 6(a) shows the cumulative heat evolution over 
time, and Figure 6(b) shows the relative cumulative heat 
evolution according to the m POFA contents, compared with 
the control. This reveals that the control had a higher cu­
mulative heat (267 J/g) than POFA10 (233 J/g) and POFA40 
(184 J/g), which confirmed that the cumulative heat de­
creases when the m POFA content is increased. This result 
agrees well with that in previous research [33], which re­
ported that 40% m PO FA replacement reduced the cum u­
lative heat by 31% compared with the control. Again, high 
K2O content o f m POFA affects the hydration o f cement 
through the stimulation o f C3S. However, in view o f the total 
amount o f hydration heat, samples containing m POFA 
showed lower cumulative heat evolution. This is because the 
total amount o f cement for releasing heat lacked with the 
increasing replacement rate o f mPOFA.
3.3. P ore Structure o f  C em ent M ortar C ontain ing mPOFA. 
Figure 7 shows the pore size distribution o f m ortar samples, 
in which one can see that large capillary pores (0 .05-10  ^m  
in size) in POFA10 and POFA20 are either less or equal in 
quantity to those in the control after 3 days o f curing. In 
contrast, POFA30 and POFA40 had either more or an equal 
number o f large capillary pores as the control. Consequently, 
it is thought that the m POFA particles effectively fill the 
pores in m ortar specimens with 10-20%  m POFA re­
placement [28], which is consistent with their greater 
compressive strength.
After curing for 28 days, the amounts o f pores larger 
than 0.1 ^m  in diameter decreased in all samples compared 
with 3 days o f curing, but the pores smaller than 0.1 ^m  
increased in all samples except the control. This is attributed 
to the formation o f hydration products in the large capillary 
pores, which increases the number o f midsized (0 .01-0 .5  ^m  
diameter) capillary pores. The cumulative pore volume o f 
the m ortar samples containing m POFA is shown in Figure 8 . 
The volume o f pores 0.1 ^m  in diameter or larger increased 
with m PO FA replacement at 3 days o f curing. In addition, 
the gel pores o f 0.01 ^m  in diameter or less were only ob­
served in mortars with 10 or 20% m PO FA replacement. 
W ith 28 days o f curing, the cumulative pore volume o f most 
o f the samples decreased, and the volume o f pores greater
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F i g u r e  7: Pore distribution of mortars containing mPOFA aged for (a) 3 and (b) 28 days.
than 0.1 ^m  in diameter was greater in the control than that 
in the samples with mPOFA.
The pore size distribution of concrete is closely related to 
its permeability which governs durability. The pores can be 
categorized as gel, medium, large capillary pores, or air voids 
depending on their size [40 ]. The gel pores, which constitute 
the internal porosity o f C-S-H , were observed in POFA10 
and POFA20 after 3 days o f curing. It is thought that 
m PO FA affects the development of C-S-H  at early ages.
3.4. P hase Analysis o f  C em ent P aste C ontain ing mPOFA. 
The X RD  results are shown in Figure 9. Ca(OH)2 and SiO2 
peaks were observed in all samples at 3 days of curing. As the
replacement level of mPOFA increased, the Ca(OH)2 peak 
decreased and the SiO2 peak increased owing to the re­
placement of cement with mPOFA; that is, the volume of Ca2+ 
needed to produce Ca(OH)2 decreased because mPOFA is 
predominantly silica. After 28 days of curing, Ca(OH)2 and 
SiO2 peaks were again observed in all samples; however, the 
peak of Ca(OH)2 decreased compared with 3 days. This is 
because Ca(OH)2 and SiO2 were consumed to produce C-S-H 
by pozzolanic reaction.
3.5. R ole o f  mPOFA in C em ent H ydration. A schem atic 
diagram o f the role of m PO FA in a cem ent hydration is 
provided in Figure 10, which is drawn based on the
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F i g u r e  8: Cumulative pore volume of mortars containing mPOFA aged for (a) 3 and (b) 28 days.
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F i g u r e  9: XRD patterns of pastes containing mPOFA aged for (a) 3 and (b) 28 days.
experimental results. W hen m PO FA  particles contact with 
water, alkali ions (K+, Na+), which weakly bound to 
m POFA, are easily eluted, thereby making the m PO FA 
surface negatively charged with electrons. The eluted alkali 
ions subsequently stimulate the hydrolysis o f C3S in 
cem ent clinker, which increases the concentration o f Ca2+ 
ions in solution [4 3 ] as confirmed by isothermal 
calorimetry.
As the elution o f alkali ions is the ongoing process, the 
concentration o f alkali ions in solution steadily increases and 
a Si-rich zone is formed around the surface o f the mPOFA 
particle. Over time, SiO44- ions in the Si-rich zone are eluted 
by osmotic pressure and then react with Ca2+ to form C-S-H. 
It is thought that m POFA particles play a role in this process 
by providing a nucleus for C-S-H  growth due to their high 
specific surface area [4 4 ]. After further curing, Ca(O H )2 and
SiO 2 were consumed to produce C-S-H  through pozzolanic 
reaction, which probably blocks the pores and thus makes 
a dense microstructure.
4. Conclusions
This study examines the effects o f an agricultural waste, 
mPOFA, on changes in compressive strength and pore 
structure o f cement mortar. An optimal replacement rate, 
10wt.% o f cement with m POFA is determined for m axi­
mizing its utility as a supplementary cementitious material. 
Based on various experimental results, the following con­
clusions are drawn.
A 10wt.% replacement o f cement with m POFA yields 
the highest compressive strength at all ages, with a 33% 
increase in strength over the control at 28 days. This could be
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F i g u r e  10: Role of mPOFA in cement hydration.
due to m PO FA filling the space between cement particles 
and promoting the formation of C-S-H.
Increasing the amount o f m POFA reduces the com ­
pressive strength, but the difference in strength between 
POFA40 and the control decreased by 27% with a prolonged 
curing of 28 days. This is attributed to the Si-rich mPOFA 
particles reacting with Ca(O H )2 formed during cement 
hydration to produce secondary C-S-H.
The rate of heat evolution generally decreased with in­
creasing m POFA content, but POFA10 exhibited a higher 
rate and earlier peak than the control in Stage 2. This could 
be the result of alkali ions eluted from m POFA stimulating 
the hydrolysis of C3S.
The incorporation of 10% and 20% m POFA produced 
fewer large capillary pores, which is most likely the result of 
filling the spaces between cement particles by mPOFA 
particles and newly formed C-S-H.
High levels of K2O in mPOFA stimulate the hydrolysis of 
C 3S in cement, and mPOFA particles with high surface area 
acts as nuclei for hydration. Consequently, pores are probably 
filled with C-S-H formed by pozzolanic reaction, which 
makes a dense microstructure and refines the pore structure.
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